Recent LHC highlights of searches for Higgs bosons beyond the Standard Model are presented. The results by the ATLAS and CMS collaborations are based on 2011 and 2012 proton-proton collision data at centre-of-mass energies of 7 and 8 TeV, respectively. They test a wide range of theoretical models.
Introduction
presented. Limits shown in the following are set at a confidence level (C.L.) of 95% if not stated otherwise.
Heavy neutral Higgs bosons decaying to a pair of τ leptons
When searching for a Higgs boson of unknown mass, the decay to a pair of τ leptons provides a good compromise between Higgs branching ratio and expected background processes. In their search for heavy neutral Higgs bosons, generally denoted by φ, the ATLAS and CMS experiments exploit most of the τ leptons' decay channels [6, 7] . To account for the different possible production channels, two analysis categories are used: one for events that have at least a b-tagged jet (associated production) and another where no b-tagged jets are present (gluon fusion). One of the major challenges of this analysis is the reconstruction of the mass of the the τ lepton pair.
Both experiments apply slightly different maximum likelihood based methods using the visible τ decay products and the transverse missing momentum. For the fully hadronic final state ATLAS exploits the di-τ transverse mass.
The dominant background for this analysis are Z → τ τ events. They are estimated using a so-called embedding technique, where in Z → µµ data events the muons are replaced by simulated τ decay products. As shown in Fig. 1 good agreement of data with simulation is achieved and all distributions are well-described by the backgroundonly hypothesis. Therefore, cross section times branching ratio limits are calculated and presented separately for the two production mechanisms, which are also shown in Fig. 1 . The results are additionally interpreted in several MSSM scenarios, which take the Higgs boson at a mass of 125 GeV into account. It should in particular be noted that the m mod+ h scenario is better suited for this case than the previously used m max h scenario. Very low upper limits on tan β are obtained for small Higgs boson masses.
Charged Higgs bosons
In the search for charged Higgs bosons, the relation between the mass of the Higgs boson and the top quark mass dictates both the production modes and the decay channels. In the analysis presented here [8, 9] , the charged Higgs boson is assumed to be lighter than the top quark. This means that for reasonably small values of tan β the dominant decay for a positively charged Higgs boson is to a cs pair (other searches have been performed on 7 TeV data in the H + → τ ν channel [10], which is the dominant decay for larger values of tan β). As a consequence, these charged Higgs events will have the same topology as top quark pair events as shown in Fig. 2 . One therefore searches for a second peak in the di-jet mass spectrum for which all non b-tagged jets are taken into account. A kinematic fit is used to constrain both top quark candidates to m t = 172.5 GeV. Limits on the branching ratio BR(t → H + b) are determined assuming a 100% branching ratio of H + → cs, which are shown in Fig. 2 . The analysis is in particular sensitive in the charged Higgs mass range of 90-155 GeV. The limits set are applicable to any BSM resonance with corresponding production and decay topology.
Heavy neutral Higgs bosons decaying to a pair of lighter neutral Higgs bosons
The SM rate of Higgs pair production is very small, but resonant pair production is motivated by several BSM models such as decays of heavy (N)MSSM Higgs bosons as well as radion and Kaluza-Klein excitations of gravitons in the context of warped extra dimensions. This usually goes along with an enhanced production cross section meaning that analyses are already sensitive to these models with the current dataset. The bbγγ final state is particularly intriguing because one can exploit the high branching ratio of H → bb and the high mass resolution of H → γγ. The event selection is based on the SM Higgs analyses in the respective channels. In order to suppress the SM continuum of bb, a mass constraint in the case of CMS masses less than 970 GeV and certain Kaluza-Klein gravitons in the mass range of 340-400 GeV as shown in Fig. 3 . The ATLAS analysis additionally searches for nonresonant hh production where a slight excess of 2.4σ is observed, which is for example compatible with a 2HDM of type I.
In addition to the bbγγ final state, this narrow resonance search is also performed in the bbbb channel by both ATLAS and CMS [13, 14] . Due to the lower mass resolution a window of ±35 GeV around the Higgs mass is used. The dominant QCD multi-jet background is fit using an analytic function, which is validated in sideband regions. No statistically significant signal is observed. Hence limits are set in a mass range up to 1400 GeV.
Lepton flavour violating Higgs decays
In 2HDM and Randall-Sundrum models lepton flavour violating Higgs decays can occur. The analysis presented in Ref. [15] searches for a mass resonance at approximately 125 GeV in the process H → µτ decays in the µτ e and the µτ had channels. This analysis has a similar signature as the φ → τ τ analysis in Sec. 2.1, but different kinematics. The invariant mass of the τ decay products is approximated using the collinear mass. Combining the different analysis channels an upper limit of BR(H → µτ ) of about 1.5% is set as shown in Fig. 4 . The best fit yields BR(H → µτ ) = (0.89 ± 0.39)%, i.e. a small excess of 2.5σ, which is, however, still compatible with zero. The sensitivity of the search is an order of magnitude better than the existing indirect limits and also sets the best limits on flavour-violating τ µ 
Invisible Higgs decays
The decay of a Higgs boson to invisible particles is predicted in several New Physics models such as the decay to neutralinos in SUSY models and the decay to graviscalars in extra dimension models. In order to be able to identify such events, the Higgs boson needs to be produced with visible particles as is the case in associated ZH production or vector boson fusion (VBF), where the latter features a higher cross section. The event signature consists therefore either of two forwards jets (VBF) or a pair of leptons (ZH) and large missing transverse energy. The main background processes are vector bosons (V ) where the boson decays unseen, either produced as V +jets in the case of the VBF signal and V V diboson production in case of the ZH signal search. The V +jets contribution is estimated using visible V decay modes where the decay products are removed [16, 17] . The data show good agreement with SM backgrounds only. Limits are set on the σ ZH × BR(H → invisible) based on the missing transverse energy (MET) distribution in case of the ATLAS analysis. The CMS analysis combines the ZH and VBF channels based on the MET and dijet mass distributions, respectively. The observed limit on the branching ratio is BR(H → invisible) < 58% (44% expected) for a SM Higgs with a mass of 125 GeV. These analyses in particular show significant improvement in sensitivity with respect to earlier direct searches. Therefore, both experiments additionally perform a dark matter (DM) interpretation using the Higgs-portal model. This model proposes a hidden sector with stable dark matter particles, which, if their mass is below m H /2, would contribute to the invisible decay width of the Higgs boson. The analyses are 
Higgs bosons in long-lived particle searches
Models such as "split SUSY" or "hidden valleys" propose the existence of long-lived particles. One of these particles could be a neutral Higgs boson, which might be created in the LHC collisions, see References [18, 19, 20] for more details. If this was the case, one would observe delayed decays in the detector. The searches therefore focus on leptons with large transverse decay lengths, jets that are only created in the hadronic calorimeter and so-called lepton-jets, i.e. collimated jets of leptons and hadrons. These kind of analyses are particularly challenging because the reconstruction algorithms of the experiments need to be adjusted. Furthermore, dedicated triggers need to be put in place to make sure to catch such events. However, as of today no signal has been found. Therefore, limits on the lifetime of the proposed new particles convoluted with branching ratios and cross sections are set.
[GeV] Other experimental results are shown for comparison [16] .
Summary
The ATLAS and CMS experiments at the LHC conduct numerous studies reaching beyond the Standard Model Higgs to determine whether the newly discovered state is the SM boson or part of an extended Higgs sector. Any finding in conflict with the SM Higgs would be a hint for New Physics. Several new results based on LHC Run I data have recently been presented, where each analysis faces different challenges. With the upcoming LHC Run II at a higher centre-of-mass energy the reach of these analyses will be extended. [13] CMS Collaboration, Search for narrow resonant pair production of the Higgs boson in the final state with four bottom quarks, CMS-PAS-HIG-14-013, 2014.
